Effects of phosphorus supply and mycorrhizal status on the response of photosynthetic capacity to elevated CO2 were investigated in loblolly pine (Pinus taeda L.) seedlings. Seedlings were grown in greenhouses maintained at either 35.5 or 71.0 Pa CO2 in a full factorial experiment with or without mycorrhizal inoculum (Pisolithus tinctorius (Pers.) Coker & Couch) and with an adequate or a limiting supply of phosphorus. Assimilation versus internal CO2 partial pressure (Ci) curves were used to estimate maximum Rubisco activity (Vc,max), electron transport mediated ribulose 1,5-bisphosphate regeneration capacity (Jmax), phosphate regeneration capacity (PiRC) and daytime respiration rates (Rd). Nonmycorrhizal seedlings grown with limiting phosphorus had significantly reduced Vc,max and PiRC compared to seedlings in other treatments. Elevated CO2 increased photosynthetic capacity in nonmycorrhizal seedlings in the low phosphorus treatment by increasing PiRC, whereas it induced phosphorus limitation in mycorrhizal seedlings in the low phosphorus treatment and did not affect the photosynthetic capacity of seedlings in the high phosphorus treatment. Despite the variety of effects on photosynthetic capacity, seedlings in the elevated CO2 treatments had higher net assimilation rates than seedlings in the ambient CO2 treatments. We conclude that phosphorus supply affects photosynthetic capacity during long-term exposure to elevated CO2 through effects on Rubisco activity and ribulose 1,5-bisphosphate regeneration rates.
Introduction
Photosynthesis is typically limited by the capacity of Rubisco to fix CO 2 and the capacity to regenerate ribulose 1,5-bisphosphate (RuBP) (Farquhar et al. 1980) . Under some conditions, phosphate (Pi) may limit photosynthesis if Pi utilization during CO 2 assimilation and RuBP regeneration exceed the capacity for Pi release during starch and sucrose synthesis (Sharkey 1985) . Phosphate-regeneration limitation of light-saturated photosynthesis has been observed in C 3 plants after short-term (minutes to hours) exposure to elevated partial pressures of CO 2 (Sharkey 1985 , Walker and Sivak 1985 , Sage and Sharkey 1987 , Labate and Leegood 1988 and has been proposed as the mechanism underlying photosynthetic inhibition after longterm (days to weeks) exposure to elevated CO 2 (Sage et al. 1989) . Two proposed mechanisms for reduced photosynthetic capacity after long-term exposure to elevated CO 2 are that either phosphorus limitation (Conroy et al. 1986 , Duchein et al. 1993 or photosynthate source--sink imbalance (Stitt 1991, Thomas and Strain 1991) limits phosphate regeneration capacity (PiRC). The interactive effects of phosphorus supply and source--sink balance on photosynthetic capacity after long-term exposure to elevated CO 2 have not been examined.
Long-term exposure to elevated CO2 may induce or compound the effects of phosphorus deficiency on photosynthesis (Conroy et al. 1988 , Morin et al. 1992 , Duchein et al. 1993 . Photosynthetic capacity of plants grown at elevated CO2 also recovers from phosphorus stress more slowly, resulting in lower photosynthetic rates than that of plants grown at ambient CO2 (Conroy et al. 1986 (Conroy et al. , 1990 . However, because photosynthesis may be affected by tissue Pi concentrations resulting from phosphorus deficiency (Leegood and Furbank 1986 , Brooks et al. 1988 , Labate and Leegood 1988 , Lauer et al. 1989 , Morin et al. 1992 , increased PiRC may not always affect Pi limitation of CO2 fixation (Brooks et al. 1988 , Bowes 1991 . As a result, it is possible that Pi limitation of photosynthesis after long-term exposure to elevated CO2 may not involve changes in PiRC.
Reduced photosynthetic capacity during long-term exposure to elevated CO2 may also result from photosynthate source--sink imbalance. Photosynthetic inhibition in plants grown in elevated CO2 can be reversed by removing leaves (Peet 1984) or reducing root restriction (Thomas and Strain 1991) . Parasitic fungal endophytes may also affect photosynthesis by increasing photosynthate sink strength (Marks and Clay 1990) . Similarly, ectomycorrhizal fungi increase host tree photosynthetic rates under ambient CO2 conditions by increasing photosynthate sink strength , Nylund and Wallander 1989 , Dosskey et al. 1990 , Rousseau and Reid 1990 . Because ectomycorrhizal fungi increase photosynthate sink strength as well as increase phosphorus uptake in phosphorus-limited plants, they may play an important role in offsetting photosynthetic inhibition during long-term exposure to elevated CO2.
We have examined the roles of phosphorus supply and mycorrhizal infection in photosynthetic response to elevated CO2. Two hypotheses were tested: (1) PiRC will not increase in phosphorus-limited plants after long-term exposure to elevated CO2, and (2) mycorrhizal infection will result in increased PiRC after long-term exposure to elevated CO2. To test the interactive effects of mycorrhizae and phosphorus supply, photosynthetic capacity was measured on loblolly pine seedlings (Pinus taeda L.) grown at 35.5 or 71.0 Pa CO2 in a full factorial experiment with either a limiting or an adequate supply of phosphorus and with or without mycorrhizal inoculum. A biochemical model of photosynthesis (Harley and Sharkey 1991) was used to estimate maximum Rubisco activity, electron transport capacity and PiRC from assimilation versus internal CO2 partial pressure (Ci) curves.
Materials and methods

Growth conditions
Seeds of mixed maternity from a Florida population of loblolly pine were sown in fine vermiculite in seed flats. Seedlings were germinated in growth chambers main-tained either at 35.0 or 67.5 Pa CO 2 (ambient and elevated CO 2 ). Day/night temperatures were 28/17 °C in both chambers. Seed flats were watered as needed with deionized water and were treated weekly with modified one-half strength Hoagland's nutrient solution.
Approximately 14 days after germination, uniformly sized seedlings were transplanted to 2.75-l pots filled with a 1/1 (v/v) mixture of gravel and vermiculite. Seedlings in the mycorrhizal treatment were inoculated with vermiculite containing hyphae of Pisolithus tinctorius (Pers.) Coker & Couch by placing inoculum directly on the roots during transplanting. Nonmycorrhizal seedlings were not inoculated. After transplanting, seedlings were placed in one of four greenhouses maintained at either 35.5 or 71.0 Pa CO2. The day/night temperatures were initially 28/17 °C, but the night temperature was increased to 22 °C after five weeks.
Two phosphorus treatments were initiated three days after transplanting. In the low phosphorus (Low-P) treatment, seedlings were fertilized with a nutrient solution containing 0.083 mM KH2PO4. Seedlings in the high phosphorus (High-P) treatment were fertilized with 0.5 mM KH2PO4. All seedlings were treated with a nutrient solution consisting of one-half strength modified Hoagland's solution lacking phosphorus. Seedlings were watered with the appropriate nutrient solution every third day and with deionized water on days when the nutrient solution was not applied. The experimental design was a full factorial with three replicates per treatment for a total of 24 seedlings (2 CO2 treatments × 2 mycorrhizal treatments × 2 phosphorus treatments × 3 replicates).
Gas exchange measurements
Net photosynthesis and conductance were measured on intact needles by infrared gas analysis in an open-type gas exchange system. Gases of the desired CO 2 partial pressures were obtained by mixing CO 2 -free and CO 2 -enriched gases from high pressure cylinders by means of two mass flow controllers (MKS Instruments Inc., Andover, MA, USA). The air stream was humidified to saturation at room temperature by bubbling through deionized water acidified with phosphoric acid to minimize CO 2 absorption. The final vapor pressure was set by flowing the air stream through a glass condensing column in a small refrigerated box (Intertech Corp., Princeton, NJ, USA). Carbon dioxide concentrations were measured with an infrared gas analyzer (LI-6262, Li-Cor Inc., Lincoln, NE, USA). Incoming and outgoing relative humidities, and leaf and air temperatures were measured with a Parkinson-type leaf cuvette (PLCB-002, Analytical Development Corp., Hoddesdon, U.K.). Photosynthetic photon flux densities were set to 1200 µmol m −2 s −1 at the cuvette surface. All gas exchange parameters were calculated according to Field et al. (1989) , with the exception that photosynthesis and conductance were calculated on a total needle surface area basis rather than on a projected surface area basis. To convert gas exchange measurements to area-based net assimilation rates, the total surface area of the measured needles was estimated based on geometric measurements. Each fascicle consisted of three needles, and it was assumed that all three surfaces of each needle were photosynthetic. It was also assumed that the fascicle shape approximates that of a cylinder, with each needle occupying one third of the cylinder volume. All fascicles stretched completely across the cuvette. By measuring the cylinder diameter and the inside cuvette length, the total surface area of the needles was then calculated.
Gas exchange measurements were initiated after five months of growth. Measurements were made on three fully expanded needles from one fascicle of each seedling. Seedlings to be measured were randomly selected and one or two seedlings were measured each day between 1000 and 1600 h EDT. Each seedling was equilibrated for 45 min at the growth CO2 and then was measured at six CO2 partial pressures from 8 to 100 Pa CO2, alternating between 2 and 21 kPa O2 at each external CO2 partial pressure (Ca). Seedlings were allowed to equilibrate at each new Ca (typically requiring 20 min or less) and after each change in O2 partial pressure (typically requiring 10--15 min).
Model parameterization
Photosynthesis was modeled according to Farquhar et al. (1980) and von Caemmerer and Farquhar (1981) , as modified by Harley and Sharkey (1991) to include conditions where assimilation may be limited by PiRC (Sharkey 1985) . This model incorporates seven parameters: the Michaelis-Menten constant of Rubisco for CO 2 (K c ), the Michaelis-Menten constant of Rubisco for O 2 (K o ), the specificity factor of Rubisco for CO 2 versus O 2 (τ), the maximum rate of CO 2 fixation by Rubisco (V c,max ), the maximum capacity for electron transport (J max ), the phosphate regeneration capacity (PiRC), and the daytime respiration rate (R d ). In the model of Harley and Sharkey (1991) , PiRC is referred to as TPU (triose phosphate utilization capacity). Model parameters, parameter units and temperature parameters used to describe the temperature dependency of each model parameter are listed in Table 1 . Table 1 . List of model parameters and the parameters used to describe their temperature dependencies. Temperature parameters for Kc, Ko and τ are from Harley et al. (1992) . Those for Vc,max and Jmax are from Collatz et al. (1991) ; Rd is from Higginbotham (1974 The parameters Kc, Ko and τ were calculated from the general equation (Harley et al. 1992) :
where c is a scaling constant, ∆E a is the activation energy, R is the universal gas constant, and T l is the leaf temperature. The substrate specificity factor (τ) is relatively constant across several species (Jordan and Ogren 1984, Woodrow and Berry 1988) , whereas K c varies among C 3 species (Evans and Seemann 1984, Keys 1986 ). However, because no values for K c , K o and τ of Rubisco in loblolly pine have been published, the values and temperature dependencies of these parameters were calculated using the equations of Harley et al. (1992) , which are based on values determined for Rubisco in spinach (Spinacia oleracea L.) (Jordan and Ogren 1984) .
Values for the remaining four parameters, Vc,max, Jmax, PiRC and Rd, were obtained as in Harley et al. (1992) , following the procedures outlined below. At saturating light and Ci less than 20 Pa, RuBP concentrations are assumed to be nonlimiting and the net assimilation rate (A) can be represented by the following equation (Harley et al. 1992) :
where O is the internal O 2 partial pressure, and V c,max and R d are the only unknowns.
Best fit values were calculated for V c,max and R d in Equation 3 by nonlinear least squares regression techniques on data collected at C i less than 20 Pa. As Ci increases, assimilation becomes limited by either the rate of electron transport or the rate of inorganic phosphate turnover during triose phosphate utilization. Using the values of Vc,max and Rd calculated for each curve, it was possible to obtain best fit estimates for Jmax and PiRC by nonlinear least squares regression techniques to fit entire A versus Ci curves to the following equation:
where 
where Q 10 is the increase in activity for every 10 °C increase in temperature, and T l is the leaf temperature. No temperature correction for PiRC was used, because of limited data on the temperature dependency of this parameter (Harley and Sharkey 1991) . To simplify comparisons between modeled and measured curves, all parameter values and net assimilation rates were corrected to 25 °C.
Estimating oxygen sensitivity and relative stomatal limitation
Oxygen sensitivity (i.e., the change in net assimilation rate due to a change in oxygen concentration) was estimated by comparing net assimilation rates measured at 2 and 21 kPa O 2 when C a = 71.0 Pa with the following equation (Sharkey 1985) :
Gas diffusion limitation (also referred to as relative stomatal limitation (RSL), i.e., the reduction in net assimilation rate resulting from the reduction in Ci relative to Ca due to the cumulative resistances to gas diffusion between the atmosphere and the mesophyll) was calculated at Ca = 35.5 and 71.0 Pa with the following equation (Farquhar and Sharkey 1982) :
where A Ca is the net assimilation rate at C a = 35.5 or 71.0 Pa, and A Ci is the corresponding rate calculated at the C a required to obtain a C i = 35.5 or 71.0 Pa.
Statistical analyses
Data collected at 21 kPa O 2 were used to estimate all parameters except oxygen sensitivity. Least squares estimates of model parameters were calculated from the assimilation versus C i curves by the nonlinear regression model fitting function in SYSTAT (SYSTAT 1992) . Least squares estimates of treatment means were compared by ANOVA, and Scheffe's test was used for pairwise comparisons.
Results
Representative modeled and measured assimilation versus C i curves for all treatments are shown in Figure 1 . In nonmycorrhizal, Low-P seedlings grown at 35.5 Pa, electron transport capacity limited net assimilation rate when C a was 35.5 Pa, but PiRC limited net assimilation rate when C a was 71.0 Pa (Figure 2A ). However, in nonmycorrhizal, Low-P seedlings grown at 71.0 Pa, electron transport capacity limited net assimilation rate at 71.0 Pa C a ( Figure 2B ). For comparison, a representative curve of regulation of net assimilation rate by Rubisco activity and RuBP regeneration capacity in a mycorrhizal, High-P seedling grown at 71.0 Pa is included. Under nonlimiting phosphorus conditions, carboxylation was limited by electron transport capacity at both C a , regardless of CO 2 treatment ( Figure 2C ). There was a significant three-way interaction among CO2 supply, phosphorus supply and mycorrhizal status on the estimated value of Vc,max (P = 0.017). The elevated CO2 treatment resulted in significantly decreased Vc,max in all phosphorus treatments except nonmycorrhizal, Low-P seedlings, where estimated values were unchanged ( Figure 3A) . Additionally, in contrast to the Vc,max of Low-P seedlings in the ambient CO2 treatment, the Vc,max of Low-P seedlings in the elevated CO2 treatment was not significantly affected by mycorrhizal treatment. As a result, the Vc,max of mycorrhizal, Low-P seedlings in the elevated CO2 treatment was significantly lower than those of both mycorrhizal and nonmycorrhizal seedlings grown with adequate phosphorus.
There was also a significant three-way interaction among CO2 supply, phosphorus supply and mycorrhizal status on PiRC (P = 0.004). The elevated CO2 treatment resulted in significantly increased PiRC in nonmycorrhizal, Low-P seedlings and mycorrhizal, High-P seedlings, but did not significantly affect PiRC in the other two treatments ( Figure 3C ). The effect of CO2 treatment on PiRC response to mycorrhizal inoculation was similar to the response observed with Vc,max. Mycorrhizal inoculation of Low-P seedlings grown at ambient CO2 resulted in significantly increased PiRC compared to nonmycorrhizal seedlings, whereas mycorrhizal treatment did not significantly affect the PiRC of Low-P seedlings grown at elevated CO2. As a result, the PiRC of Low-P seedlings grown at elevated CO2 was significantly lower than those of High-P seedlings, regardless of mycorrhizal treatment. The three-way interaction among CO2 supply, phosphorus supply and mycorrhizal status on Jmax was not significant (P = 0.106); means for all treatments are shown to indicate the functional relationships with Vc,max, PiRC and net assimilation rate ( Figure 3B) .
As a group, High-P seedlings had significantly higher net assimilation rates than Low-P seedlings at the growth CO2 ( Figure 3D ; P < 0.001). Effects of nutrient supply were similar across measurement CO2 partial pressures, so only net assimilation rates collected at the growth CO2 are shown. Seedlings grown at 71.0 Pa had significantly higher net assimilation rates than seedlings grown at 35.5 Pa when measured at the growth CO2 (P < 0.001). However, there was no effect of growth CO2 when net assimilation rates were measured at either 35.5 Pa or 71.0 Pa.
Analysis of variance indicated significant two-way interactions between CO2 supply and mycorrhizal status (P = 0.050), and nutrient supply and mycorrhizal status (P = 0.014) on RSL (Figure 4) . The three-way interaction among CO2 supply, nutrient supply and mycorrhizal status was not significant (P > 0.57). Interaction effects were similar across measurement Ca, so only the data collected at the growth CO2 are shown. Growth and measurement of seedlings at elevated CO2 yielded significantly reduced RSL values compared to seedlings grown and measured at ambient CO2, regardless of mycorrhizal treatment. Interestingly, RSL was −3.30 ± 1.73 (mean ± SE) for nonmycorrhizal, Low-P seedlings when measured at 71.0 Pa. All other treatments had positive RSL values (data not shown). Relative stomatal limitation and oxygen sensitivity were significantly correlated with PiRC (P < 0.001 and P = 0.031, respectively). Both RSL and oxygen sensitivity increased as PiRC increased ( Figure 5 ).
Leaf phosphorus concentration and phosphorus content per unit leaf area for each treatment are shown in Table 2 . Mycorrhizal infection and increased phosphorus supply significantly increased leaf phosphorus concentration and phosphorus content per unit leaf area (P ≤ 0.03 in all cases), whereas elevated CO2 resulted in a nonsignificant decrease in leaf phosphorus concentration (P = 0.069) and a significant decrease in phosphorus content per unit leaf area (P = 0.016). There were no significant interactions among main effects. Leaf phosphorus concentration is considered limiting to growth when below 0.75 mg g −1 (Allen et al. 1990 ). Mycorrhizal, Low-P seedlings grown at 71.0 Pa and nonmycorrhizal, Low-P seedlings in both CO2 treatments had leaf phosphorus concentrations below 0.64 ± 0.18 mg g −1 (mean ± SE). All other treatments had leaf phosphorus concentrations of 0.97 ± 0.15 mg g −1 or higher. There were no significant main effects on leaf nitrogen concentration, although elevated CO2 resulted in a significant decrease in nitrogen content per unit leaf area (P = 0.040). Mean specific leaf nitrogen content was 0.336 ± 0.019 mg m −2 (mean ± SE) in seedlings grown at ambient CO2 and was 0.277 ± 0.018 mg m −2 in seedlings grown at elevated CO2. There was a significant interaction between phosphorus supply and mycorrhizal status on leaf nitrogen concentration (P = 0.050), but not on nitrogen content per unit leaf area (P = 0.067). For both parameters, no significant differences were determined between treatment means (P > 0.079 in all cases). Table 2 . Least square means ± SE for effects of CO2, phosphorus supply and mycorrhizal inoculation on leaf phosphorus levels. Different letters within main effects within columns indicate means that are significantly different at P ≤ 0.05 (n = 11). Phosphorus supply High-P 1.46 ± 0.06a 26.5 ± 1.2a Low-P 0.76 ± 0.06b 13.8 ± 1.2b
Mycorrhizal status Mycorrhizal 1.31 ± 0.06a 23.8 ± 1.2a Nonmycorrhizal 0.92 ± 0.06b 16.5 ± 1.2b
Discussion
Long-term exposure to elevated CO 2 may result in reduced photosynthetic capacity in some C 3 plants. Such an effect has been referred to as down regulation of photosynthetic processes. Phosphorus limitation (Conroy et al. 1986 ) and reduced sink strength (Stitt 1991, Thomas and Strain 1991) have both been proposed as mechanisms leading to down regulation through reduction of RuBP regeneration capacity. In this study, long-term exposure to elevated CO 2 resulted in reduced photosynthetic capacity in mycorrhizal seedlings grown with limiting phosphorus, apparently due to induced phosphorus deficiency. Long-term exposure to elevated CO 2 , however, resulted in increased photosynthetic capacity in nonmycorrhizal seedlings grown with limiting phosphorus. In all other treatments, photosynthetic capacity was unaffected by CO 2 supply. This suggests that, under certain conditions, long-term exposure to elevated CO 2 may enhance photosynthetic capacity of some phosphorus-limited seedlings. However, the photosynthetic capacity of phosphoruslimited seedlings grown at elevated CO 2 was still lower than in nonlimited seedlings, indicating that elevated CO 2 did not alleviate phosphorus limitation. The observed increase in photosynthetic capacity in nonmycorrhizal, Low-P seedlings in response to growth at elevated CO2 was due primarily to increased PiRC (Figure 2 ), which nearly doubled in this treatment. Because short-term exposure to elevated CO2 led to limiting Pi regeneration in nonmycorrhizal, Low-P seedlings grown at ambient CO2, it might be expected that long-term exposure to elevated CO2 would lead to reallocation of nitrogen from Rubisco to PiRC (Sage et al. 1989 , Stitt 1991 . However, the increased PiRC observed in the nonmycorrhizal, Low-P treatment occurred without a concomitant change in Rubisco activity, indicating that resources were not reallocated from Rubisco activity to PiRC.
The increased PiRC observed in the nonmycorrhizal, Low-P seedlings may instead reflect changes in relative sink activity. Under ambient CO2 conditions, phosphorus stress generally affects plant growth more than photosynthesis (Marschner 1986, Chapin and Wardlaw 1988) . Therefore, the reduced PiRC observed during short-term exposure to elevated CO2 in the nonmycorrhizal, Low-P treatment grown at ambient CO2 may reflect phosphorus limitation of plant growth leading to sink limitation of photosynthesis. Elevated CO2 can lead to increased root/shoot ratio in phosphoruslimited P. taeda seedlings (Lewis et al. 1994) , increasing relative sink activity. Increasing relative sink activity would only affect the photosynthetic capacity of seedlings that were sink limited at ambient CO2. In this study, only seedlings in the nonmycorrhizal, Low-P treatment would reflect the change in relative sink activity. In addition to possible changes in the relative sink activity, the observed lack of changes in biochemical activity and leaf nitrogen concentration also suggest that the CO2 effect on photosynthesis of phosphorus-limited seedlings was due to effects at the whole-plant level rather than at the leaf level.
Long-term exposure to elevated CO2 may increase the photosynthetic capacity of phosphorus-limited plants under some conditions, but may also lead to phosphorus limitation when the phosphorus supply is high (Conroy et al. 1986 , Duchein et al. 1993 . Although mycorrhizal, Low-P seedlings were not phosphorus limited at ambient CO2, photosynthetic capacity of mycorrhizal, Low-P seedlings was reduced approximately 20% by exposure to elevated CO2. This was associated with a significant decrease in leaf phosphorus concentration to values comparable with those of nonmycorrhizal, Low-P seedlings. Interestingly, the down regulation of photosynthetic capacity was due to decreases in both Rubisco activity and electron transport mediated RuBP regeneration. As a result, mycorrhizal, Low-P seedlings and nonmycorrhizal, Low-P seedlings grown at 71.0 Pa had similar photosynthetic capacities, suggesting that leaf-level responses to phosphorus stress were integrated with whole-plant responses.
Because plant photosynthate source--sink balance may affect the response of photosynthetic capacity to long-term exposure to elevated CO2, mycorrhizal status may be important in mediating effects of elevated CO2 independent of effects on plant nutrient uptake. Studies performed under ambient CO2 conditions have shown a mycorrhizal effect on photosynthesis that can be attributed to increased photosynthate sink strength , Nylund and Wallander 1989 , Dosskey et al. 1990 , Rousseau and Reid 1990 . In the present study, mycorrhizal status did not significantly affect PiRC and, hence, photosynthate sink strength, after long-term exposure to elevated CO2. The lack of response to mycorrhizal status was surprising given that mycorrhizae significantly decreased root carbohydrate concentrations in three-month-old P. taeda seedlings in a parallel study (Lewis et al. 1994) , suggesting that the fungus was an active photosynthate sink (Borges and Chaney 1989) . However, the seedlings in this study were two months older than those in the parallel study, and mycorrrhizal growth is characterized by cycles of growth and senescence (Pankow et al. 1989 , Kozlowski 1992 , so it is possible that the lack of response was due to mycorrhizal senescence.
In addition to inducing source--sink imbalances, elevated CO2 may cause stomatal limitation of photosynthesis by reducing stomatal conductance. However, estimates of RSL of photosynthesis at 71.0 Pa Ca indicated that stomatal conductance generally did not significantly limit photosynthesis of seedlings grown at elevated CO2 (e.g., DeLucia et al. 1985 , Ehret and Jolliffe 1985 , Thomas and Strain 1991 . A seemingly anomalous observation in this study was the negative RSL estimates at 71.0 Pa for nonmycorrhizal, Low-P seedlings. This indicates reversed CO2 sensitivity (decreasing photosynthesis with increasing CO2); actual stomatal limitation in these seedlings was zero. Reversed CO2 sensitivity is indicative of Pi regeneration limitation (Harley and Sharkey 1991) and provides additional evidence that nonmycorrhizal, Low-P seedlings were limited by PiRC. Both RSL and O2 sensitivity, which has also been used to infer when PiRC limits photosynthesis (Harley and Sharkey 1991) , were significantly correlated with PiRC.
In summary, we demonstrated that phosphorus supply, but not mycorrhizal status, affects the photosynthetic response to long-term exposure to elevated CO2 in loblolly pine. In seedlings stressed by limited phosphorus supply, long-term exposure to elevated CO2 may reduce phosphorus stress effects on photosynthetic capacity by increasing PiRC (Figures 1 and 3) . However, long-term exposure to elevated CO2 can lead to a reduction of photosynthetic capacity in seedlings supplied with phosphorus in amounts at which photosynthetic capacity is not phosphorus limited at ambient CO2, e.g., mycorrhizal, Low-P plants (Figures 1 and 3) . As a result, the phosphorus status of plants must be considered when interpreting the response of photosynthetic capacity to elevated CO2. Additionally, plants not currently limited by phosphorus supply in the field may become phosphorus limited as atmospheric CO2 partial pressures increase.
